Using random mutagenesis and high throughput screening by microfluidic-assisted In Vitro Compartmentalization, we report the isolation of an order of magnitude times brighter mutants of the light-up RNA aptamers Spinach that are far less salt-sensitive and with a much higher thermal stability than the parent molecule. Further engineering gave iSpinach, a molecule with folding and fluorescence properties surpassing those of all currently known aptamer based on the fluorogenic co-factor 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI). We illustrate the potential of iSpinach in a new sensitive and high throughput-compatible fluorogenic assay that measures co-transcriptionally the catalytic constant (k cat ) of a model ribozyme.
INTRODUCTION
The recent development of new fluorogenic dyes and the concomitant isolation of specific RNA aptamers (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) offer the possibility to monitor in real-time the synthesis of a specific RNA both in vitro and in vivo with applications as diverse as live-cell imaging (11) (12) (13) , biosensing (14, 15) or screening (16) . Among this new generation of dyes, the 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), a commercially available dye mimicking the natural fluorophore of the green fluorescent protein (17) , proved to be particularly well suited for live-cell imaging as it is non toxic, cell membrane-permeable, does not interact with cell components and has a low fluorescence in its free state (18) . These attractive properties led to the isolation of a first DFHBI-binding aptamer termed Spinach (6) . While Spinach was able to enhance DFHBI fluorescence more than ≈2000 times upon binding, it however suffered from several limitations such as a limited folding efficiency and thermal instability. These limitations were partly overcome in a second version of the aptamer (Spinach2) obtained by rational design (19) . Structural studies shed light on the recognition mechanism between the dye and both RNA (20, 21) by revealing that both aptamers were built around a G-quadruplex structure and that DFHBI was recognized in a pocket encompassing the top G-quartet, a base triple and a unpaired G residue. The stabilization of this structure requires potassium ions, making the fluorescence of the complex sensitive to the nature of the cation present in the reaction mixture (20, 21) .
Like every artificial RNA aptamer discovered to date, Spinach was initially isolated by SELEX, a powerful approach to identify specific and high affinity RNA ligand starting from large libraries (22) (23) (24) but that does not allow to select for fluorescence phenotypes. Consequently, lightup aptamers are usually identified across a second laborintensive and low throughput post-selection screening step that allows exploring only a limited fraction of the selected variants. Therefore, as confirmed by a recent study (25) , Spinach and its derivatives were likely to be sub-optimal fluorogenic aptamers. This was further supported by a recent work in which FACS-based screening of SELEX-enriched libraries led to the isolation of Broccoli, a DFHBI-binding aptamer optimized for in vivo applications with superior stability and fluorescence properties (4) .
Beside live-cell imaging applications, several new in vitro fluorogenic assays were developed using either the fulllength (16, 26) or a split version of DFHBI-binding RNA aptamers (27) and Spinach was even used as extracellular metabolite fluorogenic sensor (28) . However, despite its great potential, little was known about how well Spinach and its derivatives were adapted to in vitro conditions.
In the work presented herein, we show that none of the DFHBI-binding aptamers currently known was optimal for in vitro applications since the fluorescence of the complex they generate with DFHBI had a limited thermal stability and strongly depended on the nature of the salt present in the reaction mixture. Using the microfluidic-assisted In Vitro Compartmentalization (IVC) procedure we recently introduced (29) allowed us to screen Spinach gene libraries while applying selection pressures favoring the isolation of aptamers able to work at high temperature and in a potassium free environment. Identified beneficial mutations were combined and the molecule further engineered to afford iSpinach, an aptamer with properties surpassing those of all DFHBI-binding aptamers described so far. Finally, we demonstrate the potent value of this new aptamer by setting-up a sensitive and high throughput-compatible fluorogenic assay able to assess co-transcriptionally the catalytic constant (k cat ) of a model ribozyme.
MATERIALS AND METHODS

Gene library generation
The sequence coding for Spinach 1.1 (19) was flanked with constant regions at 5 (GGAAGACGTAGCAAG) and 3 ends (CAGAGAGATGACAGAGAACACA) to afford SpiSel. Mutant libraries were generated by errorprone polymerase chain reaction (PCR) by subjecting 0.04 ng of DNA to 4 amplification cycles in the presence of Rev (TGTGTTCTCTGTCATCTCTCTG) and Fwd (GTAAAACGACGGCCAGTGCCAAGCTTGCATGC-TAATACGACTCACTATAGGAAGACGTAGCAAG) primers as well as nucleotide analogues (JBS dNTPMutagenesis Kit, Jena Bioscience) as described before (29) . 1 ng of PCR products was amplified in a second PCR mixture containing 10 pmol of each primer (Fwd and Rev), 0.2 mM of each dNTPs, 5 U of DreamTaq TM and the corresponding buffer (Fermentas). The mixture was thermocycled starting with an initial step of denaturation of 2 min at 92
• C followed by 4 cycles of: 1 min at 92
• C, 1 min at 55
• C and 5 min at 72
• C, and PCR products were purified. The starting library was TA-cloned and the sequence of 26 clones revealed an average mutation rate of 4.23 mutations per variant.
TA-cloning and sequencing
Genes contained in mutant libraries were diluted in a mixture containing 10 pmol of each primer (Fwd and Rev), 0.2 mM of each dNTPs, 5 U of DreamTaq TM and the corresponding buffer (Fermentas). The mixture was then subjected to an initial denaturation step of 3 min at 95
• C, followed by 25 cycles of: 30 s at 95
• C, 30 s at 60
• C and a final extension step of 10 min at 72 • C. PCR products were inserted in pTZ57R/T vector following manufacturer's instructions (InsTAclone PCR cloning Kit, Thermo-Scientific). Ligation products were recovered by phenol/chloroform extraction and 100 ng of DNA used to transform Electro-10 blue bacteria (Agilent) placed in 2 mm electroporation (MicroPulser, Bio-Rad). After an hour of recovery at 37
• C under agitation, bacteria were plated on Luria broth (LB)-Amplicillin agar plate and incubated overnight at 37
• C. The colonies were picked, used to inoculate liquid LB and grown at 37
• C until saturation. Plasmids DNA were extracted using 'GenJet Plasmid Miniprep kit' (Thermo-Scientific), and sequences determined by Sanger approach (GATC Biotech).
Microfluidic chip fabrication and manipulation
The description of the microfluidic devices, their fabrication as well as the microfluidic workstation used in this work can be found in (29) .
Microfluidic-assisted In vitro Compartmentalization screening
i/Digital droplet PCR. DNA mutant libraries were diluted in 200 g/ml yeast total RNA solution (Ambion) down to ≈8 template DNA molecules per picoliter. 1 l of this dilution was then introduced in 100 l of PCR mixture containing 20 pmol of each primer (Fwd and Rev), 0.2 mM of each dNTPs, 0.67 mg/ml Dextran-Texas Red 70 kDa (Molecular Probes), 0.1% Pluronic F68, 1x EvaGreen (Biotium), 5 U of DreamTaq TM and the corresponding buffer (Fermentas). The mixture was loaded in a length of PTFE tubing and infused into droplet generator microfluidic chip where it was dispersed in 2.5 pl droplets (production rate of ≈12 000 droplets/s) carried by HFE 7500 fluorinated oil (3M) supplemented with 3% of a fluorosurfactant (29) . Droplet production frequency was monitored and used to determined droplet volume, and pumps flow rates (MFCS, Fluigent) adjusted to generate 2.5 pl droplets. Emulsions were collected in 0.2 l tubes as described before (29) and subjected to an initial denaturation step of 1 min at 95
• C followed by 30 cycles of: 1 min at 95
• C, 2 min at 72 • C. Droplets were then reinjected into a droplet fusion microfluidic device.
ii/ Droplet fusion. PCR droplets were reinjected and spaced into a fusion device at a rate of ≈1500 droplets/s. Measuring the fraction of droplets with an increased EvaGreen fluorescence allowed assessing droplet occupancy. Each PCR droplet was then synchronized with a 16 pl in vitro transcription (IVT) droplet containing 2.2 mM of each NTP (Larova), 24 mM MgCl 2 , 44 mM Tris-HCl pH 8.0, 5 mM DTT, 1 mM Spermidine, 35 g/ml of Dextran-Texas Red 70 kDa (Molecular Probes), 0.1% Pluronic F68, 20 g/ml T7 RNA polymerase, 200 M DFHBI (Lucerna), 1 g inorganic pyrophosphatase (Roche) and 50 mM NaCl or KCl. IVT mixture was loaded in a length of PTFE tubing kept on ice during all experiment. PCR droplets were spaced and IVT droplets produced using a single stream HFE 7500 fluorinated oil (3M) supplemented with 2% (w/w) of fluorinated. Flow-rates (MFCS, Fluigent) were adjusted to generate 16 pl IVT droplets and maximize synchronization of 1 PCR droplet with 1 IVT droplet. Pairs of droplets were then fused with an AC field (350 V at 30 kHz) and the resulting emulsion collected off-chip and incubated for 2 h at 37
• C.
iii/ Droplet analysis and sort. The emulsion was finally reinjected into of analysis and sorting microfluidic device mounted on Thermo plate (Tokai Hit) holding the temperature at 45
• C. Prior to starting droplet fluorescence analysis and sort, the temperature of the microfluidic device was allowed to equilibrate at 45
• C for 10 min. The proper warming of the chip was controlled with a thermocouple. The micrometric depth of the channels together with the low droplets re-injection flow rate used were expected to allow equilibration of droplets temperature to that of the device prior to analyzing their fluorescence. Droplets were reinjected at a frequency of ≈200 droplets/s and spaced with a stream of surfactant-free HFE 7500 fluorinated oil (3M). The green fluorescence (DFHBI complexed with the aptamer) of each droplet was analyzed and the 1-2% most green fluorescence droplets were sorted. The gated droplets Nucleic Acids Research, 2016 , Vol. 44, No. 6 2493 were deflected into collecting channel by applying a 1 ms AC fields (1200 V 30 kHz) and collected into a 1.5 ml tube. Residual droplets were recovered from the collection tubing by flushing 200 l of HFE fluorinated oil (3M). 100 l of 1H, 1H, 2H, 2H-perfluoro-1-octanol (Sigma-Aldrich) and 200 l of 200 g/ml yeast total RNA solution (Ambion) were then added and droplets broken by vortexing the mixture. DNA-containing aqueous phase was then recovered.
Enrichment measurement and colony screening
Genes contained in 2 l of DNA-containing aqueous phase from unsorted or sorted fractions were placed in 100 l of PCR mixture identical to that used for TA-cloning and thermocycled starting with an initial cycle of 30 s at 95
• C, followed by 25 cycles of: 5 s at 95
• C and 30 s at 60 • C. Then 2.5 l of this PCR product were incubated with 16 l of IVT mixture identical to that used for the IVC screening containing 200 M DFHBI but deprived of dextran-Texas Red and pluronic. The transcription mixture was then incubated at 37
• C in a real-time thermocycler (Mx 3005P, Agilent) and the green fluorescence (ex: 492 nm/em: 516 nm) measured every minute for 2 h.
Enriched libraries from the last round of screening in the presence of sodium or potassium were TA-cloned. 90 clones were randomly picked, genes coding for the DFHBIbinding aptamers were PCR-amplified and in vitro transcribed as for enrichment measurement. Following an hour of transcription real-time monitoring at 37
• C, the mutants with the highest apparent transcription rate were sequenced.
RNA synthesis and purification
Genes coding for aptamers of interest were PCR amplified with the same procedure used for enrichment measurements. 20 l of PCR products were then in vitro transcribed in 230 l of mixture containing 2 mM of each NTP, 25 mM MgCl 2 , 40 mM Tris-HCl pH 8.0, 5 mM DTT, 1 mM Spermidine and 70 g/ml T7 RNA polymerase. After 4 h of incubation at 37
• C, 10 units of Baseline-Zero TM DNase (Epicentre) and the corresponding buffer were added to the mixture and a second incubation of 1 h at 37
• C performed. RNAs was recovered by phenol extraction followed by an ethanol precipitation in the presence of 300 mM sodium acetate pH 5.5 (Sigma-Aldrich). After centrifugation and a wash in 70% ethanol, the pellets were dissolved in denaturing buffer (0.05% bromophenol blue, 0.05% xylene cyanol, 20% glycerol, TBE 1x, 8M urea) and the solution loaded on a 12% denaturing 8 M urea acrylamide/bisacrylamide gel. The piece of gel containing RNA was identified by UV shadowing, sliced from the gel and transferred in a dialyze tube (MWCO = 3500, Spectrum Lab) filled with TBE. RNA was electro-eluted by placing the montage in TBE for 1h00 at 100 V. Eluted RNA were filtered in centrifuge tube 0.45 m (VWR) and ethanol precipitated in the presence of 300 mM sodium acetate pH 5.5. After centrifugation and a wash in 70% ethanol, the pellets were dissolved in DEPCTreated water and quantified with Nanodrop (Thermo Scientific).
Fluorescence measurement of purified RNA
A 2 M solution of purified RNA was heated for 2 min at 85
• C and cooled at 25
• C for 5 min. The solution was next mixed with 1 volume of a mixture containing 80 mM TrisHCl pH 7.5, 2 mM MgCl 2 , 20 M DFHBI, 200 mM of salt (KCl, NaCl, LiCl or CsCl). The mixture was then incubated at 25
• C for 15 min prior to fluorescence measurement. Green fluorescence (ex: 492 nm/em: 516 nm) was then monitored for 5 min at 25
• C on a real-time thermocycler (Mx 3005P, Agilent). For T app m measurement, the temperature was gradually increased from 25 to 60
• C with a step of 5
• C and a 5 min fluorescence monitoring was performed at each temperature.
Folding efficiency
Folding Efficiency was determined using procedure described in (19) . The green fluorescence was measured (ex: 492 nm/em: 516 nm) at three temperatures (25 • C, 37
• C) on a real-time thermocycler (Mx 3005P, Agilent).
Affinity measurements
To measure K d , the concentration of DFHBI was progressively increased from 100 nM to 200 M with 100 nM of renatured RNA in 40 mM Tris-HCL pH 7.5, 1 mM MgCl 2 , 100 mM NaCl or KCl and 2.5% DMSO). The fluorescence was measured (ex: 492 nm/em: 516 nm) at three temperatures (25
Co-transcriptional k app cat measurement 0.6 pmol of DNA bearing T7 promoter were introduced in 60 l of mixture containing 40 mM Tris-HCl pH 8.0, 22 mM MgCl 2 , 5 mM DTT, 1 mM Spermidine, 1,6 mM of each NTP and 65 U/l T7 RNA polymerase (NEB). 200 pmol of DFHBI or 20 pmol of S21-Atto (29) were then added to 20 l aliquots and the green fluorescence (ex: 492 nm/em: 516 nm) was monitored for 1h00 at 37
• C in a real-time thermocycler (Mx 3005P, Agilent). Fluorescence values were converted into pmol of generated product or synthesized RNA using experimentally measured molar fluorescence of S21-Atto and DFHBI, respectively.
Spectral analysis
Absorbance was measured on a UV-Vis spectrophotometer (Agilent Technology) from 350 nm to 500 nm. Emission (from 410 nm to 60 nm) and excitation (from 350 to 490 nm) was recorded by FluoroMax-4 spectrofluorometer (Horiba Scientific). This measurement was realized using an excess of RNA.
RESULTS AND DISCUSSION
Evaluation of DFHBI-binding aptamers performances in vitro
We started our study by characterizing the performances of the three DFHBI-binding aptamers described so far: Spinach1.0, Spinach2 and Broccoli (4, 6, 19) . To assess unambiguously the intrinsic fluorescence and the folding properties of these molecules, aptamers were used in their minimal version instead of being inserted into a tRNA scaffold (30) as in previously reported (4, 19) . Coding-genes were in vitro transcribed, RNA were gel-purified and renaturated just prior to being used.
First, 10 pmol of aptamer (1 M) were incubated with 1 nmol of DFHBI in a buffer mimicking in vivo conditions (40 mM Tris-HCl pH 7.5, 1 mM MgCl2, 100 mM KCl) and the fluorescence of DFHBI/RNA complexes was measured. As expected from a previous report (19) Spinach2 was twice more fluorescent than Spinach 1.0 in our conditions ( Figure  1) . Surprisingly, Broccoli, a variant with superior properties in vivo (4) , generated the dimmest complex with DFHBI in vitro ( Figure 1 ). This bad performance was partly explained by a low folding efficiency (F.E. < 18% at 25
• C, Supplementary Table S1 ) of the aptamer in our conditions. A lower F.E. of Broccoli compared to Spinach2 was already suggested in a previous work in which such a strong difference was probably minimized as the aptamer was inserted into a tRNA scaffold that assisted aptamer folding (4). Consequently to this low fluorescence in vitro, Broccoli was no longer considered in the rest of the study.
We next investigated the effect of exchanging potassium for another monovalent cation on the fluorescence of DFHBI in complex with Spinach1.0 or 2. Indeed, whereas potassium is the main monovalent cation found in cellulo (31), it might not be dominant ion in the extracellular environment and even be absent from in vitro reaction mixtures. Using 100 mM NaCl instead of KCl in the reaction mixture led to a significant drop of the fluorescence of both Spinach variants (Figure 1 ) confirming data previously obtained with Spinach (20) . Whereas a residual fluorescence was still observed with sodium, the use of lithium, cesium or the lack of monovalent cation completely abolished the fluorescence of Spinach aptamers (Figure 1 ). The differential effect of the cations confirmed that proper stabilization of the G-quadruplex motif of the aptamer was necessary for efficient recognition of DFHBI and that the fluorescence of DFHBI/aptamer complex strongly depends on the nature of the monovalent cation present.
Beside the strong dependence of Spinach1.0 and 2 on potassium, both molecules were also reported to have a limited thermal stability as the complexes they generate with DFHBI have melting temperature of ≈34
• C and ≈38
• C, respectively (19) . Accordingly, we found that, in the presence of potassium, the fraction of Spinach2 aptamer properly folded decreased from 61% to 27% at 25
• C and 37
• C, respectively (Supplementary Table S1 ).
Overall, these different observations show that none of the DFHBI-binding aptamer described so far was optimized for in vitro application (e.g. at 37
• C in a reaction mixture not supplemented with potassium). The folding efficiency of the RNA was the main limiting parameter, suggesting that re-evolving the molecule in vitro by applying selection pressures favoring the isolation of a thermostable fluorogenic aptamer in a potassium-free environment should lead to the identification of a mutant with properties surpassing those of the rationally designed Spinach2. The use of such conditions that destabilize the molecular folding has already proved to be an efficient strategy as it allowed, for instance, the identification of the Superfolder GFP (32) .
Improvement of Spinach properties by in vitro evolution
Spinach1.1 was used as starting point of the evolutionary process as its sequence differed from the best variant isolated from SELEX only by a single stabilizing mutation in the basal stem (19) . Constant regions were appended at the 5 of the molecule to ensure a homogeneous transcription initiation and at its 3 end to enable PCR amplification of the gene. The resulting molecule (SpiSel) was found to have a fluorescence slightly improved (Figure 1) . Mutant libraries were then generated by error-prone PCR using a mutation rate of ≈4 mutations per gene and subjected to several rounds of high throughput screening using a procedure of microfluidic-assisted In Vitro Compartmentalization (IVC) we recently developed (29) . Even though, this method has a lower throughput than conventional SE-LEX, it has the great advantage of directly screening libraries for mutants able to generate a fluorescent complex with DFHBI.
Each round of IVC selection comprised 3 main steps ( Figure 2) . First, the DNA library was diluted into a PCR mixture down to a concentration of 1 molecule/12.5 pl and the aqueous phase was dispersed into highly monodisperse 2.5 pl droplets carried by a fluorinated oil phase using a first microfluidic device ( Figure 2B ). The used dilution allowed having, on average, ≈0.2 molecule of DNA per droplet to maximize droplet occupancy (≈18%, Supplementary Table S2 ) while limiting multiple encapsulation events (<10% of the occupied droplets contained more than 1 gene). Droplets production monitoring was possible by supplementing the PCR mixture with a high concentration of an orange fluorescent dye (670 g/ml Dextran-Texas Steps performed on-chip (gray boxes) were distinguished from those performed off-chip (white boxes). (B) PCR droplets production. Aqueous phase supplemented with a high concentration of a orange fluorescent dye was injected into droplet generator device and 2.5 pl droplets were generated by focusing aqueous (dark orange) and oil (gray) flows. Emulsions were collected and thermocycled. (C) Droplets fusion. Small PCR droplets were reinjected into droplet-fusion device and spaced by a stream of oil. 16 pl droplets containing In Vitro Transcription (IVT, light orange) mixture supplemented with DFHBI were concomitantly produced and synchronized with PCR droplets. Pairs of droplets were then fused when passing in between a ground-connected electrode (gnd, in black) and an electrode to which tension (pos, in red) was applied. (D) Droplets sorting. After incubation, emulsions were reinjected into a Fluorescence Activated Droplet Sorting device and the fluorescence of each droplet read at a detection point (blue arrow and blue line on the micrograph). Based on the fluorescence signal, droplets of interest (green) were deflected into sort channel by applying tension to one of the electrode (pos, in red) whereas non-fluorescent droplets (orange) flowed into the waste channel. (E) Typical fluorescence profile of screened emulsion. The analysis of DFHBI green fluorescence and Texas-Red orange fluorescence allowed identifying the different populations composing the emulsion. Indeed, using orange fluorescence signal, IVT droplets fused to single PCR droplets (populations 2-5) were easily discriminated from unfused (population 1) and double fused (population 6) IVT droplets. Green fluorescence resulting from EvaGreen intercalation allowed discriminating droplets containing amplified DNA (population 4) from droplet resulting from fusion with an initially empty PCR droplet (population 2). Finally, the stronger DFHBI green fluorescence allowed discriminating droplets containing non-fluorogenic (population 2) and highly fluorogenic aptamers (population 5, red dashed boxed). Population 5 was gated and corresponding droplets sorted. (F) Evolution profiles of SpiSelderived mutants. Gene libraries obtained after mutagenesis (in red) or screening steps (in gray) were transcribed, the RNAs purified and their fluorogenic properties assayed in the presence of the salt used for the selection. Fluorescence values were normalized to that of SpiSel (black circle) in the same conditions. Screenings performed in potassium (triangles) were distinguished from those performed in sodium (squares). Values are the mean of two independent experiments and error bars correspond to ± 1 standard error.
Red). The emulsion was collected and thermocycled to amplify the DNA prior to reinjecting the droplets into a second microfluidic chip ( Figure 2C ) where each small droplet was synchronized and fused with an on-chip generated 16 pl droplet containing an In Vitro Transcription (IVT) mixture supplemented with 200 M DFHBI, 50 mM NaCl and a low concentration of the orange fluorescent dye (35 g/ml Dextran-Texas Red). The new emulsion was collected and incubated. The different concentrations of orange fluorescent dye in PCR and IVT droplets allowed discriminating unfused IVT droplets (low orange fluorescent population 1 on Figure 2E ) from IVT droplets fused with 1 (populations 2-5 on Figure 2E ) or 2 PCR droplets (population 6 on Figure 2E) and to adjust the flow parameters to maximize the fusion of 1 IVT droplet to 1 PCR droplet (70-92%, Supplementary Table S2 ). On another hand, the use of sodium was expected to weaken the G-quadruplex structure while maintaining a residual fluorescence allowing for detecting positive droplets. This was used as a selection pressure favoring the isolation of mutants with improved folding properties. Finally, the emulsion was reinjected into a droplet sorting microfluidic device ( Figure 2D ) warmed at 45
• C, a selection pressure expected to favor the isolation of RNA with improved thermal stability. The orange and green fluorescence of each droplet was measured and the 1% most green fluorescent droplets of the single fused population (population 5 on Figure 2E ) were recovered at the end of each round (Supplementary Table S2 ). To summarize, three selection pressures (use of sodium, sorting device warming and selection of the DFHBI/aptamer complexes based on their brightness) were simultaneously applied to favor the isolation of DFHBI-binding aptamers able to fold efficiently and to form a thermostable fluorescent complex with DFHBI.
A total of two pairs of rounds of selection, interspersed by a round of mutagenesis to maintain genetic diversity, were performed and allowed increasing the average molar fluorescence of the population ≈3.5 times (gray triangles on Figure 2F ) with respect to the starting molecule (SpiSel). Interestingly, performing the same in vitro evolution experiment using KCl instead of NaCl did not significantly improved the fluorescence of the population after 4 rounds of selection (gray squares on Figure 2F ), confirming that sodium was an efficient selection pressure. The enriched library from the fourth round of selection in sodium was then cloned and the fluorescence of 85 individual mutants was analyzed (Supplementary Figure S1) . More than 95% of the tested clones were more fluorescent than SpiSel. Whereas the majority of these clones were 2-6 times more fluorescent than SpiSel, the variant 4-68 was surprisingly ≈10 times more fluorescent (Supplementary Figure S1) . Sequence analysis (Supplementary Table S3 and Figure S2 ) revealed that 4-68 differed from SpiSel by 8 mutations ( Figure  3A ).
Miniaturization and engineering of the improved Spinach
Prior to individually evaluating the contribution of each mutation, we defined the minimal size of 4-68. Indeed, in a previous study Spinach was successfully shortened down to a 51 nucleotides long molecule (BabySpinach) that retained fluorogenic properties (21) .
Sequence alignment of the most fluorescent variants revealed that a significant variability (especially deletions) was found in J1/2 (Supplementary Table S3 ) region indicating a dispensable role of this domain. Accordingly, 4-68-J1/2, a variant deleted of J1/2 ( Figure 3B ), conserved intact fluorogenic properties ( Figure 3E) . Conversely, the Gquadruplex domain was strongly conserved and, within the sampled population, only one mutation (A42U) was tolerated (mutant 49 in Supplementary Table S3 ). Transplanting this mutation into 4-68-J1/2 afforded the variant 4-68/49 ( Figure 3C ) that conserved identical fluorogenic properties in potassium-containing buffer but had a fluorescence increased ≈3 times in sodium-containing buffer ( Figure 3E ). This improvement was likely to result from a higher stabilization of the G-quadruplexes in sodium and at 37
• C when U was present at this position. Interestingly, a recent thermodynamic-based scanning of Spinach, also identified this mutation as the only one tolerated in this region of the molecule, further supporting our results (25) .
The aptamer miniaturization process was pursued by removing 6 base pairs from P3 region to generate a shorter and continuous apical helix (mutant min68). In addition, the first 3 or 6 base pairs of P1 were deleted to generate respectively variants min68/49-3 and min68/49-6 ( Figure  3D ). While the fluorescence of both constructs remained identical to that of 4-68/49 in the absence of constant regions ( Figure 3F) , their presence drastically reduced the fluorescence of min68/49-6. Conversely, the fluorescence of the longer variant min68/49-3 was unaffected by the constant regions. Even though more experiments are necessary, it is tempting to propose that the long P1/2 helix of min68/49-3 could act as an insulation module, similar to a three-way junction recently engineered (33) , that protects the aptamer from the surrounding sequences.
In addition to A17U (originally A42U), our miniaturized variant (min68/49-3) still contained 6 of the 8 original mutations. U8C and U39C were likely to act by stabilizing RNA structure by converting G.U in stronger G-C base pairs. Mutations A14G and A56G were always found associated together and were the only common feature shared by the two most active mutants (clone 68 and 34 in Supplementary Table S3 ). To test the contribution of this pair of mutations, we produced a double mutant G14A/G56A and measured its capacity to form a fluorescent complex with DFHBI. Whereas reverting these mutations had only a small effect in the presence of potassium, they drastically reduced the fluorescence in other salts pointing a key role of these mutations in salt resistance of the molecule ( Figure  3G ). Their location may suggest that these mutations could form a third G-quadruplex with surrounding Gs and, doing so, increase the overall stability of the aptamer. To shed light on the contribution of the two last mutations (C31U and U32C) found in the apical loop of the aptamer, we generated a second double mutant (U31C/C32U) and tested its capacity to form fluorescent complex with DFHBI. Surprisingly, reverting these two positions was found to increase the fluorescence of the complex by ≈25% whereas its salt resistance stayed unchanged ( Figure 3G ). We considered this double mutant, (U31C/C32U) of min68/49-3, to be the optimal form of the aptamer that could be isolated by our approach and we named it iSpinach.
Performances and applications of iSpinach
We next compared the performances of iSpinach and Spinach2 ( Figure 4A) . We found that, in addition to being 1.3 times smaller then Spinach2, iSpinach was 1.4 times more fluorescent in potassium (Figure 1 ). This improvement was likely a combined effect of slightly better folding ability of iSpinach (F.E. ≈70%), a twice-higher affinity for the DFHBI and a slightly increased molar fluorescence of the DFHBI in complex with iSpinach ( Figure 4B ). We noticed that K d values obtained with Spinach2 were slightly higher than those from the literature. We attributed this difference to the temperature (25
• C) used in our measurements. Indeed, we found that K d values increased with the temperature (Supplementary Figure S3) . However, since none of the previous studies indicated the temperature used to measure this constant, more accurate comparison could not be performed. Finally, iSpinach also formed a more thermostable complex with DFHBI displaying a melting temperature T cplx m increased by more than 8
• C ( Figure   4B ). iSpinach also outperformed Spinach2 in the presence of lithium and cesium, but we were more surprised to find that the iSpinach/DFHBI complex was not only stable in the presence of sodium but even twice more fluorescent than with potassium ( Figure 1 ). This impressive improvement of the molecule resulted from a better capacity of the aptamer to fold (F.E. ≈ 60%) as compared with Spinach2 leading to an affinity for DFHBI increased by at least an order of magnitude, as well as a doubling of the molar fluorescence of DFHBI ( Figure 4B ). At this stage, only speculations can be proposed to explain how the nature of the cation affects the brightness of the complex. The improved folding and fluorescence properties of iSpinach in a wider range of conditions should make it appealing for the design of novel fluorogenic probes as well as of sensitive fluorogenic assays. To demonstrate the advantages that iSpinach may offer, we set-up an in vitro experi- ment aiming at measuring the apparent catalytic constant k app cat of a ribozyme directly from the in vitro transcription mixture. As model ribozyme, we choose iXm1, a variant of X-motif we recently isolated and which transforms its substrate through a simple first order kinetics (29) . We fused the DNA coding either for iSpinach, or for Spinach2, to the 3 end of iXm1 coding region and placed the construct under the control of T7 RNA polymerase promoter sequence ( Figure 5A ). The resulting gene was then in vitro transcribed in a mixture containing a low concentration of T7 RNA polymerase (50 times less than for expression in droplets) to limit the amount of ribozyme generated in the reaction mixture and properly assess k app cat values. In addition, since Xmotif was shown not to require monovalent cations (34), the reaction mixture was not supplemented with extra monovalent cations. Upon DNA addition, the reaction mixture was immediately split and mixed with either DFHBI or S21-Atto (a fluorogenic substrate of iXm1 (29)) and the fluorescence monitored at 37
• C. Ribozyme activity was readily measurable and was not affected by the fusion of the catalyst with fluorogenic aptamers ( Figure 5B ). Conversely, DFHBI fluorescence was observed only when iSpinach was used alone or fused with iXm1, whereas no fluorescence was observed in the presence of Spinach2 ( Figure 5C ). The lack of fluorescence of Spinach2-based constructs was attributed to the poor folding performance of the Spinach2 in the experimental conditions used (i.e. potassium-free reaction mixture incubated at 37
• C). Spinach2 folding inefficiency could be partly overcome by increasing the potassium concentration up to 100 mM (Figure 1 ) (20), a concentration of monovalent cations also shown to strongly inhibit T7 RNA polymerase activity (35) . Therefore, in addition of being brighter, iSpinach allows to perform experiments in conditions optimal for the activity of the polymerase. The co-transcriptional kinetics of iXm1 activity could be approximated by Equation (1):
with σ rbz the synthesis rate of the ribozyme, δ rbz its degradation rate and k uncat the substrate auto-hydrolysis rate resulting form T7 RNA polymerase side activity (29) . Considering the high efficiency of T7 RNA polymerase, ␦ rbz was neglected, whereas σ rbz and k uncat were experimentally measured to be 2.1 pmol/min and 0.17 pmol/min respectively and allowed extracting a k app cat value of 0.36 min −1 , a value that is close to the 0.48 min −1 previously measured with gel-purified RNA (29) . This fluorogenic approach can be used to screen ribozyme mutant libraries in high throughput regimes for identifying molecules with high k app cat , but it also demonstrate how the performances of iSpinach is advantageous. In addition, changing the dye labeling the fluorogenic substrate of X-motif for a red emitting one would allow for simultaneously monitoring RNA synthesis (via iSpinach fluorescence) and ribozyme activity in a single well.
The present work allowed us to develop iSpinach, a DFHBI-binding aptamer with properties (thermal stability and brightness) surpassing those of Spinach2 and all other DFHBI-binding aptamers in the conditions tested. Isolating this new optimized aptamer was possible by using selection pressures difficult, if not impossible, to apply on living cells (i.e. high temperature, potassium-free environment) but easy to implement in vitro using IVC. In addition, evolving fluorogenic aptamers in vivo faces cell-size variations issue making necessary the use of a second fluorescent reporter as internal reference (4), whereas the strong monodispersity (polydispersity < 3% (29)) and homogeneity of the droplets used in IVC makes this dispensable.
iSpinach acquired several mutations that might have been difficult to predict, especially in the absence of a crystal structure model. Our work shows how powerful in vitro evolution may be, provided proper selection pressures and selection format are used. Indeed, whereas Spinach2 was obtained by rational design, the tRNA scaffold-free molecule remained sub-optimal in term of fluorescence and folding stability. In addition, one should also note that none of Spinach2 mutations was found in iSpinach. Recently, an alternative thermodynamic-based approach using large-scale integrated microfluidic chips was introduced to screen libraries of point mutants of Spinach (25) . Whereas this technology is extremely powerful at screening small libraries of mutants carrying single mutations, its limited throughput (<1000 mutants per round of screening) makes it less suited at screening more complex libraries (≥2 mutations per molecule). Consequently, even though part of iSpinach mutations were revealed by this methodology, none of them was considered and the improved version of the aptamer was both less thermostable and less fluorescent than iSpinach. The improved properties of iSpinach make it appealing for the development of new in vitro applications such as biosensing or high throughput screening. The wider salt-tolerance of iSpinach also makes it a good candidate for the development of new fluorogenic probes working in cellular ionic microenvironments (e.g. endosomes and organelles) to sense their composition (e.g. metabolites, proteins) as this was already described with DNA-based nanodevices (36) .
The main limitation of iSpinach and of every other DFHBI-binding aptamers is their low affinity for the DFHBI (K d > 400 nM) compared to what could be expected. However, Mango RNA was recently isolated and shown to have an affinity 2 order of magnitude higher for its fluorogenic co-factor (K d ≈3 nM) (10) . One can therefore predict that performing SELEX in more stringent selection conditions that favor the isolation of high affinity binders in tandem with IVC screening should make possible to isolate aptamers able to form bright and high affinity complexes. Finally, Spinach/DFHBI complex was also shown to be prone to light-induced dissociation (37) . Since our screening is based on light-induced fluorescence measurement, we anticipate that, in the future, using a stronger light source as well as increasing the illumination time may offer the possibility to isolate new mutants with improved photostability.
